Abstract-A closed-loop control approach for the dynamic shaping of a microbeam by electrostatic actuation is described. Starting from a desired displacements reference vector of N small segments of the beam (representing the approximation of the continuous case), n controllers (n is the number of considered modes) output the stresses that must be distributed throughout the beam, on the N actuators. Because this reference may vary with time, the controllers are designed so that they accomplish good response dynamics, as well as performance and robustness specifications. The innovation in this method is that we control the dynamic coefficients associated to the modes of the microbeam and not directly the physical displacements in each small segment, which reduces the number of correctors from N to the number of n modes to control.
I. INTRODUCTION
The electrostatic actuation is a very common principle and occupies a very important place in MEMS field whether it is in AFM applications [1] , mass sensors [2] , data storage [3] , micro-accelerometers [4] , micromirrors [5] , positioning for micromanufacturing [6] and many other applications. It involves simple circuitry and has a major advantage in the fact that it offers both electrostatic actuation as well as integrated detection, without the need for an additional position sensing device [7] . Its biggest disadvantage remains in the presence of nonlinear equations linking the input voltage to its resulting force as well as the ones linking the measured capacitance output to the displacement. Besides, the model of the microsystem's mechanical part describes nonlinear deformation behaviour due to nonlinear restoring forces and coupling between different modes of the structure [8] . In many applications, the system is considered as a second order mass-spring system, representing only the first mode by considering the beam as a plane one-block non-deformable mass moving or vibrating in one dimension, neglecting also the elongation of the beam as in [3] [4] [5] [6] . This can be done when considering small displacements of the microstructure [9] , which allows linearizing the model close to a working point [10] . Other applications which use deformable membranes describe the behaviour by two purely linear modes corresponding to whether bending stresses or tensile stresses are dominant [11] . In [12] , the description of the microcantilever used as a sensor in AFM, includes different modes of vibrations at their specific resonant frequencies, based on the one-dimension Euler-Bernoulli equation. This article aims to develop a closed-loop approach for the dynamic control of a deformable microbeam's shape using electrostatic actuation with two sets of electrodes from both sides of the beam. The approach is based on the detailed modelling of MEMS following its multiple modes and by taking into consideration the existing mechanical and actuation nonlinearities and couplings. Its application can be useful in micropumps as well as micromirrors. Some works already present in the literature contributed to the conception of the electrostatic MEMS especially for deformable micromirrors. Some of them are based on solving the non-linear mechanical inverse problem to calculate the ideal pressure distribution and then the voltages which reduce the residual deformations by quadratic programming problem [13] . Others use the deformation of the electrode shape to obtain a determined relation voltage / capacity on output [14] but are used only for steady state solutions. A nonlinear electrostatic control from the two sides of an oscillating cantilever is also described in [15] and serves as a reference for the electrostatic actuation. Our work is divided into three parts: First, we study the detailed modelling of the microbeam and the modal analysis of its behaviour. This is essential to understand the relation between the external forces and the deformation movement which vary according to the position throughout the beam. Having obtained a precise model, a control law can be designed to achieve the defined goals. In the second part, a mode-based-control method is studied to design a controller achieving desired specifications on the dynamics of each mode as well as good performances and robustness of the regulation. In our work, the controller used so far is a PID which has the advantages of being simple to integrate on the microscale device without requesting the implementation of complex electronic circuitry. The third part shows the implementation of the complete device on Matlab using numerical parameters and exhibits the simulation results. The System's performance evaluation is done by applying disturbances on input as well as noise on output associated to electronic circuitry and ADC converters. 
II. DEFORMATION MODELLING
The behaviour of the deformation of a rectangular microbeam with length l, thickness e, width h, subjected to an external distributed strength obeys to the following differential equation: Following Galerkin procedure of standard modal analysis, ) , ( t x w can be written as: 
where k 
Using equation (2) in (1) and projecting on each vector i w , we get n equations representing the n modes:
These n equations can be written in a matrix form: 
III. CONTROLLER DESIGN
In this section, a controller is designed so that it ensures the tracking of the microbeam displacements set to a given dynamic reference. The force calculated by the controller is then transformed to the desired voltage properly distributed on N electrodes (existing on both sides of the microbeam, exhibiting positive and negative forces). Increasing the number of the actuating electrodes leads to a better approximation of the continuous case allowing better approximated continuous deformation reference. In the same time it increases the complexity of the micromanufacturing, the number of control voltage sources and the coupling between the electrodes which we neglect for the moment, willing to take it into consideration in future works especially at the NEMS scale. Besides, we consider a direct accessibility to the N displacement values. A rudimentary idea is to calculate the errors between the measured displacements and their references for each segment and then to produce the desired local force which must be applied to achieve tracking at a cost of using a huge network of N controllers. Also, one will be dealing with the equation (1) directly and no desired dynamics can be directly imposed on the displacement response. A better idea is to control the dynamic coefficients associated to the eigenvectors reasoning in the eigenmodes space. Having all
has the shape of ) , ( t x w ref .
Using this method, the number of PID controllers used is reduced to n which is the number of modes taken into consideration. When n is high, the shaping of the beam is more accurately controlled. In our work, we limit it to the first five modes. 
For this purpose, PID controllers with the transfer function:
are chosen with the following parameters:
The force calculated is then equal to:
Thus we obtain a vector F(t) of n values. The distributed force is recomposed with the following operation:
Knowing that the electrostatic force between the capacitor plates (the electrode and the segment of the beam) generated by applying a voltage u is 
and is applied on the higher electrode if 0 ) , (
, and on the lower electrode if 0 ) ,
IV. SIMULATIONS AND RESULTS
The above microbeam model is implemented in Simulink/Matlab. The degrees of freedom for the mechanical part are the geometry of the beam, the number of modes taken into consideration and the physical parameters associated to these modes defining their quality factor.
A beam with length ω is, the bigger is the system's bandwidth with higher response speed. Yet, the noise effect on the input is bigger, but with a better disturbance rejection. On the other hand, when the damping d ξ is bigger, we have less overshooting with slower response speed and less disturbance rejection, but the noise is more attenuated. We specified desired natural pulsation to be electrostatic actuation done with a set of N small electrodes .on both sides of the microbeam. First of all, the detailed modelling of the structure using modal analysis is presented. The control of the beam's shape with dynamic references is accomplished by a set of n PID controllers after projecting the tracking errors on the modal space of dimension n. This procedure was successfully simulated on Matlab and control specification with good performance and robustness were obtained.
